Driven by trends toward miniaturization and a higher level of integration, the complexity of microelectronic packaging grows continually. The reliability of assembly components is critical to manufacturing a high-quality ¢nal product. Due to an increasing number of circuits and a shortage of real estate in a processor, BGA packaging is becoming one of the most popular packaging options in the microelectronics industry.
The Lead/Tin (Pb/Sn) eutectic alloy is widely used as a joining material in the electronic industry. It is well known that the dominant failure mode for solder joints is low-cycle thermal fatigue, which is caused by a thermal expansion mismatch between the bonded components and heat dissipated by devices during operation.
The level of heat generated by the device during service may £uctuate due to the variation of the work intensity, which results in temperature £uctuation in the package. Such mini-temperature £uctuations can also be caused by changes in the power level and the ambient temperature. Although thermal cycling has been studied by many researchers, the impact and effect of temperature £uctuations during dwell times on BGA solder joint fatigue life has never been studied or reported in the literature. The main questions in reliability studies have always been,`I s temperature cycling appropriate both in time history pro¢le and magnitude if we are unsure of the damage mechanism and strain ¢eld in the solder joint?'' and``What is the baseline of inelastic strains developed in thermal cycling and usage?'' Until now these questions have remained unanswered due to the lack of a technique to measure strain ¢eld in a solder joint in fatigue cycling. This article is aimed at providing reasonable answers to these questions that were raised and shed some light on BGA packaging design and failure analysis.
Temperature cycling is used as a standard industry practice for determining fatigue life and reliability of solder joints [1^11] . A thermal cycling test, also known as a highly accelerated stress test (HAST), is a vehicle used to accelerate the fatigue process in packaging. The test yields the number of cycles to failure value for a given package. There is a continuously increasing interest in the experimental analysis of solder joint responses to thermomechanical loading. Moire¨interferometry (MI) provides whole ¢eld maps of in-plane deformation contours with submicron resolution and both normal and shear strain information. Such a capability is extremely useful in studying the thermomechanical behavior of solder joints in electronic packaging. A new MI technology developed in the UB Electronic Packaging Laboratory allows for recording inelastic strain accumulations for cycling thermomechanical loading. Since inelastic deformation is directly related to fatigue life of solder joints, the inelastic strain accumulation can be used to evaluate solder joint fatigue life performance [12^14].
EXPERIMENTAL PROCEDURE
A standard practice in the industry is to use thermal cycling for fatigue life determination of BGA solder joints. Conventional temperature pro¢les have a jigsaw shape with dwell times at maximum and minimum temperatures (Figure 1a) . The conventional temperature time histories are based on many assumptions with 
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no technical or empirical basis. During this study several laptop computers were wired with thermocouples in several different locations for a three-month period. Temperature time histories were recorded by ¢eld studies. The observation results indicate that the actual temperature pro¢le experienced by the package is different than traditional temperature time histories used for temperature cycling tests in the industry. Figures 1b,c were obtained from in situ ¢eld measurements.
The purpose of this study is to compare the in£uence of the temperature time history pro¢le on fatigue life of BGA solder joints. In the study, the industry-standard temperature pro¢le as well as the in situ measured actual temperature time histories are used for thermal cycling.
Three different temperature pro¢les are used. Test 1 has a conventional thermal cycling pro¢le (Figure 1a ). For Tests 2 and 3 temperature pro¢les include temperature £uctuations at the highest temperature (Figures 1b,c) 
Moire¨Interferometry
The Moire¨interferometry and the imaging systems used for submicron displacement measurement have been described in detail in [14, 15] . The most important feature of the MI system developed in this study is that it allows usage for fatigue studies. Until now Moire¨has only been used for monotonic loading tests [16, 17] or for a cycling test up to four cycles [18] . A special optical grating replication technique developed during this study allows for measuring strain ¢elds under cyclic fatigue loading. The major advantages of MI are its high sensitivity, high resolution, and the whole ¢eld view of deformation distribution of the specimen surface. Brie£y, the optical diffraction grating is replicated on the specimen surface. The light from a single laser source is split into four coherent beams. The four coherent beams incident on the specimen grating at a particular angle so that the strongest diffraction order emerges at the direction perpendicular to the specimen grating surface. The diffracted beams recombine in the normal direction and create interference patterns.
When the specimen surface deforms, the optical diffraction grating deforms with the specimen and the diffracted beams in the normal direction generate interference patterns that represent the in-plane displacement contour maps. When the two vertical beams are blocked, the two horizontal beams interfere and generate a horizontal deformation ¢eld, called the U-¢eld. When the two horizontal beams are blocked, the two vertical beams interfere and generate a vertical deformation ¢eld, called the V-¢eld. The one-dimensional setup of MI is shown in Figure 2a , and the optical table setup is shown in Figure 2b . This scheme applies to both the horizontal and vertical directions, so deformation in the two perpendicular directions can be obtained.
The fringe pattern can be related to in-plane deformation quantitatively as given by [20] 
where U is the displacement in the x-direction; V is the displacement in the y-direction; fˆ2fs, where fs is the frequency of specimen diffraction grating. Nx is the horizontal fringe order and Ny is the vertical fringe order. In this project, fsˆ1200 lines/mm; thus, each fringe represents 1 = fˆ0 : 417 m m in this study.
Once the displacement data are available, the inelastic strains are computed by differentiation of the displacement distributions with respect to the two basic directions: horizontal …x †and vertical …y †. The strains are given by
Specimen Preparation
The sample used in this study has a typical multilayered structure. The top layer is polymer with an inserted copper foil connector array. The bottom layer is ¢ber-reinforced printed wiring board (FR-4 PWB) substrate. The two layers are interconnected with BGA 63Sn^37Pb solder joints. In order to test ¢ve samples consistently, the boundary conditions should not vary from one sample to another during cycling testing. Furthermore, testing should simulate the actual service con-PREDICTING FATIGUE LIFE OF SOLDER JOINTS ditions. Based on these considerations, a special ¢xture is designed to hold the sample in boundary conditions identical to the in-service conditions. The sample and the ¢xture pair are shown in Figure 3 . The specimen preparation for MI follows the same steps as described in [14, 15] . The sample is cut through the center of a row of BGA solder joints and then the cross section is polished, cleaned, and dried. An innovative optical diffraction grating replication procedure is developed to transfer a cross-line grating (1200 lines/mm) pattern onto the specimen cross-section.
Testing Procedure
The testing procedure follows gradual steps for each specimen:
. Optical diffraction grating preparation;
. Initial Scanning Electron Microscope (SEM) picture of the sample;
. Aligning the initial null ¢eld of Moire¨system;
. Registering the specimen position;
. Thermal cycling;
. Optical measurement of deformation ¢elds: every 20 cycles;
. Solder joint integrity is examination by SEM.
MI is used to record the deformation ¢eld. The typical Moire¨fringe patterns are shown in Figures 4a^d for the U-¢eld and V-¢eld, respectively. The accuracy of MI measurement relies on the initial reference ¢eld. After the optical system is aligned for the null ¢eld, the optical system is protected from any position change by means of a register. A new specimen position register is designed to ensure that the specimen always occupies exactly the same optical space. A commercially available kinematic platform was modi¢ed to add functionality as a position register as well as a specimen positioning platform. Two translation stages are used to facilitate the adjustment of the initial position of the specimen on the optical table.
To the best of our knowledge this is the ¢rst time ever in published literature that MI was used for fatigue testing. This was possible due to a new optical grating replication technique developed in this study. In order to prove the accuracy of the new replication technique and to support the test results, a supportive test on steel bar was done. This supportive test and its results are presented later in this article. 
RESULTS AND DISCUSSION
During testing it was observed that the shear strain is very large compared to peeling strain. Therefore, shear strain is the major concern of the extended analysis and comparison in this study.
To extract meaningful information from the raw test data and to ¢nd the global trend, the effect of some random factors needs to be reduced to a minimum. Such random factors include manufacturing defects, sample preparation, solder material itself, and voids in solder balls, which results in varying solder geometry, volume, material properties, and the strength of intermetallic connections. Furthermore, the even-numbered solder joints have a slightly different con¢guration from the odd-numbered solder joints due to the fact that the copper connectors joined to the neighboring solder joints are oriented in a different direction.
Based on these considerations, the test data obtained from the ¢ve samples for each test were averaged based on the same type of cycling, the same joint number, and the same number of cycles. Comparisons of the inelastic shear strain accumulation of the three tests from joints 1^6 are shown in Figures 5a^5f. Figure 5a shows the inelastic shear strain accumulation during thermal cycling for solder joint 1. Results for test 1 (standard temperature time history), test 2 (temperature time history with 10¯C £uctuations during high-temperature dwell) and test 3 (5¯C temperature £uctuations at high-temperature dwell) are plotted in the same ¢gure for comparison purposes. The results indicate that a traditional industry-standard temperature pro¢le induces higher inelastic strain than test temperature pro¢les with £uctuation during the dwell time. The difference is more pronounced between tests 1 and 3. Also, the difference becomes more distinct as the number of cycles increases. But most importantly at the end of 100 cycles, the inelastic strain level reaches an asymptotic value for tests 2 and 3 while the test 1 curve has a much larger positive slope. Many researchers, such as in [12^14, 19, 20] have shown that inelastic strain is directly proportional to damage accumulation in a structure.
Figures 5b^f show the inelastic strain accumulation during thermal cycling for solder joints 2^6. The strain is the largest in joint 1 (outer edge joint); hence, usually failure initiates at joint 1, for the con¢guration given in Figure 3 .
Figures 6a^c show the averaged shear strain distribution for each test at 20 cycles and 100 cycles. It is obvious that the shear strain distribution curves at 20 cycles and 100 cycles have very similar shape, which indicates a similar distribution trend. The factors affecting the distribution of the stress and strain in the solder joints show their in£uence at the very beginning and usually persist through the joint fatigue life. Therefore, improper packaging design or manufacturing process usually can be found at the early stage. Testing, if properly designed and conducted, should not signi¢cantly alter such a trend.
Figures 7a,b show the averaged inelastic shear strain distribution in three tests at the end of 20 cycles and at the end of 100 cycles. By observation, at the end of the 100 cycles, test 1 developed higher inelastic shear strain in solder joints than tests 2 and 3. The difference between tests 1, 2, and 3 for solder joints numbered PREDICTING FATIGUE LIFE OF SOLDER JOINTS 
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6 and higher is small because strain is zero in the middle of the package. Joint number 1 usually determines the reliability of the package. Therefore, results for other joints have no practical signi¢cance. Figure 8 gives the comparison of the maximum shear strain accumulation in the solder joints in three tests, which shows that test 1 has the maximum shear strain accumulation, test 2 gives the second largest, and test 3 has the smallest value.
There are, we believe, two major reasons for this difference. The ¢rst one is due to load and the second one is due to metallurgical reasons.
It is very well known that creep damage dominates the failure mechanism and creep is the largest component of inelastic strain in Pb/Sn solder joints [22, 23] . Creep is a plastic £ow process that best occurs under constant load with no reversal in direction. Constant shear load, which exists in the test 1 temperature pro¢le, is reversed due to temperature £uctuations in tests 2 and 3. The frequency of temperature £uctuations makes a difference in the level at which the creep process slows down. High-frequency £uctuations slow down the creep process more than low-frequency £uctuations. Therefore, test 3 has the smallest inelastic strain accumulation.
The second reason for smaller inelastic strain accumulation in the presence of temperature £uctuations during dwell time is the fact that temperature £uctuations speed up the microstructural evolution and coarsening process in the solder joint. This latter statement was experimentally validated during this project (see Table 1 ). It is very well known that due to coarsening the solder material increases its resistance to the creep £ow process [24^26] . When the coarsening occurs faster, creep strain accumulation slows down. Hence, in Figure 8 we see that test 1 has a higher inelastic strain accumulation in 100 cycles as compared to tests 2 and 3. 
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Microstructural Coarsening and Metallurgical Evidence
Scanning electron microscope pictures were taken before testing and after 100 cycles in order to study the microstructural coarsening behavior of eutectic Pb/Sn solder joints. Test results explain the creep behavior of solder joints under three different cycling temperature pro¢les from the metallurgical point of view. In this study grain size was determined via the intersection method, as detailed in [27] .
Test 1 has the smallest grain-size-coarsening ratio. Alloys with ¢ner grain size are easier to creep. On the other hand, tests 2 and 3 result in higher coarsening rates, which correspond to earlier stabilization in creep and microstructural evolution. Morris and Reynolds [29] have shown that manufactured eutectic slowly cooled Pb/Sn solder is a thermodynamically unstable material in parallel plate structure. As a result of the straining process it evolves into an equiaxed granular structure. These results are in agreement with earlier work by Kashyap and Murty [25] .
A Supportive Test on a Steel Bar
A supportive test on a steel bar has been done to verify the testing and measurement process. A description of this test and its results follow.
There are several points that need to be veri¢ed regarding the MI technique developed in this project in order to provide a proof of the ¢delity of the test results. Such considerations include:
. Is the optical grating replication procedure developed actually working? . Is there a relative deformation between grating and specimen? . Is the temperature cycling appropriate for grating material? . Is the measurement procedure well established? . How stable is the optical system throughout the cycling fatigue test?
To answer these questions, a supportive test has been conducted on an A36 steel bar. A steel bar was polished ¢ne and £at. The same diffraction grating replication technique was used to replicate a layer of optical grating on its surface; see Figure 9 . Before thermally cycling the steel bar, the MI optical system was aligned to obtain the initial null ¢eld using the specimen grating on the steel bar and the images of initial U-¢eld and V-¢eld were recorded. The observation area was marked (an area 12 mm£5 mm). The steel bar was then taken away from the optical table for three consecutive thermal cycles with a more severe temperature pro¢le ranging between 125¯C and ¡55¯C, as shown in Figure 10 . No constraints were applied to the steel bar through cycling. The steel bar was then taken back to the optical table to record the after-cycling fringe ¢eld images.
The steel bar should behave elastically under such a thermal cycling because it is allowed to expand and contract freely. Furthermore, its melting point is above 1000¯C, therefore, within the temperature range of ¡55¯C to 125¯C it should behave completely elastic. Based on such reasoning, the Moire¨images before and after cycling should have negligible differences.
Figures 11^14 show the initial V-¢eld, after-cycling V-¢eld, initial U-¢eld, and after-cycling U-¢eld, respectively. It is obvious that the initial fringe ¢elds and the after-cyclin g fringe ¢elds are almost the same. There are no fringes as a result of cycling. (The variation in darkness in the pictures is due to printing not fringes.) 
CONCLUSIONS
Results indicate that industry-standard temperature pro¢les are conservative and underestimate the fatigue life of the BGA solder joints. From the data averaged on ¢ve samples for each test, the following conclusions can be inferred.
. Temperature £uctuations during dwell time reduces inelastic strain accumulation on the ¢rst six solder joints by 17.1% in test 2 and 17.9% in test 3 (averaged for six solder joints). . Using minicycles during dwell time reduces maximum inelastic strain accumulation in solder joint 1 by 14.5% in test 2 and by 23.5% in test 3.
Inelastic strain accumulation is directly proportional to fatigue life; therefore, using minicycles increases the BGA solder joint fatigue life in testing. Creep is the major characteristic of eutectic solder joint damage behavior; the temperature cycling pro¢le (frequency and holding time) signi¢cantly affects creep mechanism. Most of the inelastic strain is accumulated during the ¢rst 20 cycles; the increments become smaller and smaller through more cycles, gradually approaching a stable pointöthe upper limit. The global inelastic strain distribution trend is similar in all three tests. Minitemperature cycles reduce inelastic strain accumulation. Factors affecting local variation include void, geometry, actual design layout, solder microstructure, and specimen preparation.
